SUMMARY: Carbon dioxide stimulates the growth of Streptococcus bowis and the production of the ,extracellular enzyme dextransucrase. The growth of cultures in the presence of 14C0, resulted in the incorporation of carbon-14 into aspartic acid, with lesser amounts in threonine, glutamic acid, adenine, guanine, uridylic acid and cytidylic acid. Organisms grown with labelled aspartic acid did not utilize it to any extent; the principal source of this amino acid was from C0,-fixation reactions. The stimulation of growth by COa is considered to be due to biosynthetic reactions involving COa which lead to a sufficient supply of the intermediates required in nucleic acid and protein synthesis.
Several studies have been made of the growth of Streptococcus bovis and its ability to form dextran when grown in the presence of sucrose. Prescott & Stutts (1955) found that the growth of this organism with arginine as the major nitrogen source was stimulated by carbon dioxide. Since casein hydrolysate was able to replace carbon dioxide, they concluded that carbon dioxide was involved in the formation of amino acids. Another interesting effect of carbon dioxide in the meta%olism of S. bovis is the stimulation of dextran formation by carbon dioxide. This effect has been studied by several workers but no satisfactory explanation for the role of CO, has been given. Dain, Neal & Seeley (1956) showed that most strains of S. bovis formed large mucoid colonies containing a dextran-like polysaccharide when grown with sucrose as the carbon source and in the presence of carbon dioxide. Bailey & Oxford (1958) examined the production of dextran from sucrose by several strains of S. bovis isolated from sheep and cattle rumen. While strain differences with regard to growth factors were found (Oxford, 1958) , a requirement for carbon dioxide for both growth and appreciable dextran formation by most strains was noted. Another interesting observation by Bailey & Oxford (1958) was the confirmation of the results of Dain et al. (1956) that the presence of Tween 80 in the growth medium promoted some dextran synthesis in the absence of carbon dioxide and under anaerobic conditions. The role of carbon dioxide in stimulating growth has not been determined, but several suggestions have been made about the dextran-promoting properties of the gas. Bailey & Oxford (1958) suggested that carbon dioxide may either exert a physical effect or influence the metabolism of sucrose in such a way as to promote dextran formation. Bailey (1959) suggested that carbon dioxide might be involved in the production of dextransucrase or in its secretion by the bacteria into the culture medium. The present paper reports the results of a study of the role of carbon dioxide in the growth of S. bovis.
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METHODS
Organism.
The rumen strain Streptococcus bovis strain 1 (Bailey & Oxford, 1958) , was used since it has an absolute requirement for carbon dioxide for growth and dextran formation.
Media. The The media were sterilized by autoclaving at 121' for 20 min. All salts and organic compounds were of Analar quality when possible. When medium was required to be free from CO,, the procedure described by Bailey & Oxford (1958) was followed. Flasks were inoculated with a standard inoculum from an 18 hr. culture grown in air a t 39" in glucose nutrient broth.
Growth of Streptococcus bovis in the presence of 14C0, The apparatus shown in Fig. 1 was used for introducing 14C0, into the growth flask A. After sterilizing separately the medium contained in A , and the tap B, the medium was inoculated, the apparatus assembled (using sterile grease) and then evacuated on a water pump. Tube C, containing a solution of NaH14C0,, was attached to B by pressure tubing and, with tap D closed, tap B was opened and ~N-H,SO, slowly introduced from the dropping funnel E, releasing WO, from the labelled bicarbonate solution. When all the 14C02 had been released, a known volume of N, was flushed through D to carry over the labelled CO, into A . The growth flask was closed off at B and incubated a t 39" for 1-2 days. After incubation, any residual 14C0, in the flask was removed by flushing C0,-free air through the flask; carbon dioxide was collected in a bubbler containing 3N-NaOH. At the end of each experiment the medium was decanted from the flask and centrifuged at 13,000 g for 30 min. to remove organiims. After measuring the pH value, the cell-free fluid was divided into three portions for analysis of organic acids, amino acids and dextran.
Analysis of organisms. The organisms were washed three times with water and freeze-dried. In the experiments with labelled carbon dioxide or labelled aspartic acid, the organisms were extracted successively with : 5 yo (w/v) trichloracetic acid at 4" ; ethanol (40-50") ; ethanol + ether (40-50") ; 5 yo trichloracetic acid at looo (Roberts, Abelson, Cowie, Bolton & Britten, 1957 Aspartic acid and glutamic acid were isolated from the Dowex 2 and separated by paper chromatography. After eluting the amino acids, the concentration of each was determined (Cocking & Yemm, 1954) and unlabelled carrier L-aspartic acid or L-glutamic acid added. The carbon-1 4 distribution within aspartic and glutamic acids was estimated by total combustion and reaction with ninhydrin. In general, the procedures and the apparatus were those described by Sakami (1955) . The nucleic acid fraction extracted with hot trichloracetic acid was shaken with ether several times to remove the trichloracetic acid and then hydrolysed in 0*5~-HCl at 100' for 30 min. The hydrolysis products were separated on Whatman no. 1 paper with solvent mixture iso-propanollconc. HCl/water (170/44/36) and the spots located by photographing under ultraviolet radiation.
Organic acids in the medium. The organic acids were isolated by acidifying a sample of the medium to pH 2-3 with ~N-H,SO,, adding to celite and eluting with 700 ml. ether (Colowick & Kaplan, 1957) . The acids were neutralized with ~/ 7 0 carbonate-free NaOH, with phenol red as indicator, and concentrated on a rotary evaporator to 1-2 ml. The aqueous solution of neutralized acids was acidified again and separated on celite (Swim & Krampitz, 1954j. Amino acids in the medium. Aspartic acid was isolated from the medium by loading a sample of the fluid on Dowex 50 and after washing the column, eluting with 1.5~-HC1 (Roberts et al. 1957) . The eluent was dried, loaded on Dowex 2 and eluted with increasingly acid solvents (Roberts et al. 1957) . The fraction containing aspartic acid was then streaked on Whatman no. 3 paper and aspartic acid separated from glutamic acid by using solvent mixture phenol/ammonia sp.gr. (0.88)/water (80 g.10.3 m1./20 ml.). The position of the amino acids was located by radioautography and spraying with ninhydrin. Aspartic acid was eluted by water for analysis.
Dextran and dextransucrme in the medium. The dextran-dextransucrase complex was precipitated from the medium by adding two volumes of ethanol or ammonium sulphate solution (60 g./lOO ml.) The precipitate was collected by centrifuging (10,000 g) for 20 min., redissolved in water or 0.1 M-acetate buffer (pH 5.8), reprecipitated and freeze-dried. The concentration of dextran was estimated either by comparing the opacity of dextran solutions in a nephelometer or by weighing the freeze-dried dextran. In some growth experiments the dextran was estimated by centrifuging off the bacteria and reading the optical density of the supernatant fluid in a nephelometer.
Dextranszccrase activity was measured by the procedure described by Bailey (1959) .
Bacterial growth was estimated by turbidity measurements or micro-Kjeldahl N analysis after centrifuging and washing the bacterial pellet three times with distilled water.
Radioactivity in the samples and chromatograms was counted with a thin end-window Geiger-Muller tube. The samples were counted in duplicate either evaporated to thin films in glass planchettes, or plated on filter-paper disks as Baf4C0, in which case the counts were corrected for self-absorption to infinite thinness. The evaporated samples all contained less than 1 mg./cm2. All counts were corrected for background radioactivity.
pH measurements were made with a glass electrode. NaH14C0, and L-(W)-aspartic acid were obtained from the Radiochemical Centre, Amersham, Buckinghamshire.
RESULTS
The stimulation of growth of Streptococcus bovis and of dextran formation by carbon dioxide Several experiments confirmed the results of Bailey & Oxford (1958) . Growth and dextran production by S. bovis was greater under CO, than N,. The addition of Tween 80 (1 yo, w/v) to the medium caused a slight initial inhibitory effect on growth but after incubation for 24 hr. the amounts of organism and dextran present in the tubes containing Tween 80 incubated under either CO, or N, were only slightly less than those in the tubes containing CO, but no Tween 80.
The growth of cultures in the presence of different amounts of bicarbonate and the analysis of the dextran-dextransucrase complex precipitated by ethanol from the culture fluid, showed that higher bicarbonate concentrations gave not only higher yields of polysaccharide (as found by Bailey & Oxford, 1958) but also increased the nitrogenous material 20-fold, suggesting that the HCO, content of the initial culture medium influenced not only the amount of cell protein but also the amount of extracellular protein.
The relation between growth of cells, pH of the medium and the excretion of dextrartszccrase The previous results suggested that carbon dioxide is required by the organism at least in part for protein synthesis. A study was made of the relation between growth and the release of dextransucrase into the medium in order to determine the stage of growth during which the extracellular enzyme accumulated. A series of tubes containing 10 ml. medium A were inoculated and incubated under CO, at 39'; cultures were removed for analysis after different incubation times. After a lag phase of about 4hr. (Fig. 2) growth was linear for the next 3.5 hr. during which time the pH value dropped from 6.2 to 5.3. The cell mass measured turbidimetrically was parallel to the increase in cell protein calculated from the nitrogen content of the organisms. Dextransucrase was present at pH 6.0 and reached a maximum concentration a t pH 5.5 after which no increase was observed, although the organisms were still multiplying. This rise in dextransucrase concentration was accompanied by rapid dextran synthesis which slowed at pH 5.5 and gave little increase after pH 5.3. After incubation for 24 hr. the pH value was 4.8, the final 16.5 hr. of incubation showing a considerable increase in growth but little or no increase in dextran or dextransucrase concentration in the culture fluid. The fiation of 14C0, by Streptococcus bovis during growth The metabolism of CO, by Streptococcus bovis was studied by growing cultures in the presence of labelled CO,. Two experiments were carried out, the The yield of bacteria was far greater in Expt. 2 in which the medium contained yeast extract. The addition of yeast extract was observed invariably to give better growth and dextran synthesis than the mixture of growth factors. The distribution of carbon-14 amongst the bacterial fractions was similar in the two experiments. The protein fractions contained more than two-thirds of the radioactivity incorporated by the organisms. Hydrolysis Glutamic acid of the protein and two-dimensional paper chromatography of the dried hydrolysate followed by radioautography showed that all the isotope was located in the amino acids, threonine, glutamic acid and aspartic acid. Measurement of the radioactivity in the spots on the chromatograms showed that aspartic acid had by far the greatest activity, followed by glutamic acid and threonine ( Table 2) . Since the fixation of CO, by the Wood-Werkman reaction involves the formation of oxaloacetic acid labelled in the p-COOH leading to the formation of /3-COOH-labelled aspartic acid and a-COOH labelled glutamic acid by the reactions of the citric acid cycle, samples of these two amino acids were isolated from the cell protein for degradation. Table 3 shows that virtually all the carbon-14 in the aspartic acid was contained in the carboxyl carbons, the combined specific activities being 727,500. The glutamic acid contained about 95 % of its radioactivity in the a-COOH.
Hydrolysis of the nucleic acid fractions extracted with hot trichloracetic acid followed by paper chromatography and radioautography revealed four radioactive ultraviolet-absorbing spots which were identified as adenine, guanine, uridylic acid and cytidylic acid. Different results were obtained in the two experiments ( Table 2) . These four substances were all heavily labelled in Expt. 1 where adenine and guanine contained more carbon-14 than the pyrimidines. However, judging from the size and intensity of the ultraviolet absorbing spots on the chromatograms, both uridylic and cytidylic acids were present in much lower concentrations than the purines, indicating a higher specific activity in the pyrimidines. In Expt. 2, adenine and guanine were both highly labelled but the uridylic and cytidylic acids contained little carbon-14.
Ten times more dextran was found in Expt. 2 than in Expt. 1, the latter sample having the higher specificity activity. However, since the nitrogen content of the dextran-dextransucrase complex in Expt. 2, was very low (0.19%) in comparison with that from the first experiment (2.12%), it might be expected to have a lower activity since the protein carbon in this sample will be greatly diluted with polysaccharide carbon which is probably unlabelled.
The growth of Streptococcus bovis in the presence of labelled aspartic acid
Since the previous experiments had shown that the requirement for CO, seemed to be related to the formation of aspartic acid, the metabolism of this 45-2 amino acid was studied by growing a culture of Streptococcus bovis in 50 ml. medium A to which was added 3.2 p-mole of ~-(W)-aspartic acid containing 14 pc. of activity.
After incubation for 18 hr. under CO, the organisms were centrifuged from the medium. The yield of freeze-dried organism and dextran-dextransucrase were 64 and 660mg., respectively; these were good yields considering the relatively short incubation period. Extraction of the organisms and estimation of the radioactivity in the fractions revealed a pattern quite different from that obtained in the WO, experiments. The ethanol + ether soluble fraction was the most heavily labelled fraction. Further fractionation of this sample into ethanol-soluble ether-soluble, and ethanol-soluble ether-insoluble material (Roberts et al. 1957) showed that the ether-soluble fraction contained most of the carbon-14. The protein contained about 25 yo of the total radioactivity, threonine being the most heavily labelled amino acid; the aspartic acid had a very low activity and a negligible amount of carbon-14 was located in the glutamic acid. It was not possible to estimate the isotope content of the purines and pyrimidines because the counts/min. in these compounds were only just above the background count.
Samples of aspartic acid were obtained from the cell protein and from the culture medium and a comparison made between their specific activities ( Table 4) . The low specific activity of the cell-protein aspartic acid showed that little of this amino acid was derived from exogenous aspartic acid. Yield of organisms (mg.) ...
Dextran (mg.)
... The eflect of Tween 80 on amino acid uptake by cultures of Streptococcus bovis The synthesis of aspartic acid by C0,-fixation reactions gives no clues to the ability of Tween 80 to replace CO, unless the detergent allows greater uptake of exogenous aspartic acid by the organisms. This possibility was examined by growing cultures in two flasks, each containing 20 ml. medium A to which was added 5 pc. of labelled L-aspartic acid. In addition, the medium in flask 2 contained 1 yo (w/v) Tween 80. The flasks were incubated for 2 days at 39", culture 1 under CO, and culture 2 under N,. The results are given in Table 5 . The growth was similar in both flasks but considerably more labelled aspartic acid was taken up by the organisms grown in the presence of Tween 80. This increased uptake was reflected not only by the higher isotope content of the whole organisms but also by the cell-protein radioactivity. The uptake of labelled aspartic acid by suspensions of Streptococcus bovis Washed suspensions of Streptococcus bovis were used to investigate the uptake of labelled L-aspartic acid under different conditions. After incubating the organisms as described in Table 6 for 1 hr., they were centrifuged off, washed three times with water and samples dried in glass cups for counting. The counts for cell protein were found by extracting the organisms three times with 5 % (w/v) trichloracetic acid at loo", once with ethanol +ether at 50" and then plating a sample of the residual protein. The results show that the assimilation of aspartic acid by S. bovis required the presence of an energy source; only a slight uptake of carbon-14 was observed in the absence of sucrose. The presence of Tween 80 stimulated the uptake of labelled aspartic acid in both experiments by about 20%, in presence or in absence of other amino acids. However, this increase in the total uptake in the organisms incubated in the presence of Tween 80 did not lead to an increase in the cell protein carbon-14. In fact, the radioactivity in the protein was slightly depressed by Tween 80. The addition of glutamic acid +lysine or a complete amino acid mixture (without aspartic acid) greatly decreased the assimilation of labelled aspartic acid; the complete mixture had the greater effect. 
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Organisms grown on medium C were washed and suspended in a salt solution (Gale, 1947) 80, 60 mg., (c) glutamic acid, 0-25 mg. +lysine, 0-25 mg., ( d 
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DISCUSSION
There can be little doubt that while Streptococcus bovis, strain 1, is able to grow in a medium containing sucrose, phosphate, acetate, yeast extract and a casein hydrolysate, in the absence of added carbon dioxide or bicarbonate, its growth under these conditions is limited. This is in contrast with the strains studied by Prescott & Stutts (1955) which utilized casein hydrolysate in place of carbon dioxide. However, this is not surprising since considerable differences have been noted in the nutritional requirements of different strains of S. bovis (Oxford, 1958; Ford, Perry & Briggs, 1958) . S. bovis, strain 1, seems to be a rather exacting organism, and it has not been possible to grow it in a completely defined medium of salts, sugar, vitamins and amino acids. Either yeast extract or Casamino Acids (certified) +pantothenate +biotin need to be added to the medium for growth to occur.
The marked incorporation of carbon-14 derived from 14C0, into aspartic acid suggests that in spite of an adequate amount of aspartic acid being present in the medium, the limiting factor in protein synthesis is the intracellular supply of this amino acid. Growing the organism in the presence of labelled aspartic acid has confirmed this view. When CO, is present in the growth flask, nearly all the cell aspartic acid appears to be synthesized by the fixation of CO,. The distribution of carbon-14 in aspartic acid indicates that the most probable route of fixation is into a 8-carbon compound forming oxaloacetic acid labelled in the /3-COOH, followed by amination to aspartic acid. The formation of aspartic acid by CO,-fixation reactions possibly explains the effect of biotin in stimulating dextran production which Oxford (1958) demonstrated. Biotin is known to participate in COB fixation.
The presence of radioactivity in threonine is not surprising in view of the fact that aspartic acid is commonly regarded as being a metabolic precursor of threonine (Roberts et d. 1957) . The presence of radioactivity from WO, in the a-COOH of glutamic acid can best be explained by assuming that the reactions of the citric acid cycle which lead to the synthesis of glutarnic acid occur to some extent in this organism.
The effect of Tween 80 in partly replacing CO, is apparently due to the ability of Streptococcus bovis to take up more exogenous aspartic acid in the presence of the detergent. The site of action of Tween 80 is unknown; presumably it affects the permeability barrier of the cell membrane so as to enable a greater uptake of amino acid. In this connexion it is interesting to recall the high isotope content of the ethanol-soluble ether-soluble bacterial fraction in the labelled aspartic acid experiment, Since this fraction consists mainly of lipid it is surprising that its radioactivity is so high. It seems unlikely that the labelled aspartic acid is metabolized to acetate, which is presumably the precursor of the lipid, so it must be assumed that the isotope in this fraction is indeed aspartic acid bound to lipid. This suggests that the lipid exerts an effect on amino acid uptake and perhaps even protein synthesis. Several workers (Reith & Thomas, 1958; Westley, Wren & Mitchell, 1957) have shown that amino acids can be bound to lipid material, and Hendler (1958) suggested that such complexes may be factors in protein synthesis.
Two possibilities suggest themselves for the inability of Streptococcus bovis to utilize exogenous aspartic acid at a rate sufficient to permit maximum protein synthesis. First, since the uptake of aspartic acid is enzymic, either insufficient 'permease' is present in the cells or competition may exist between aspartic acid and, for example, glutamic acid for the same enzyme system. Gale & Folkes (1953) found that the rate of incorporation of (14C)-glutamic acid by Staphylococcus aureus was markedly decreased by the presence of aspartic acid, a result similar to that found with S. bovis. The second possibility is that inhibition of the utilization of exogenously derived aspartic acid may occur in the presence of other amino acids. Ravel, Felsing & Shive (1955) showed that glutamic acid inhibited the utilization of aspartic acid in reactions concerned with pyrimidine synthesis and also threonine formation in Leucomstoc dextrunicum, and inhibited lysine, threonine and pyrimidine synthesis in LactobaciZZus arabinosus. However, when bicarbonate or oxaloacetate was present, glutamic acid had no effect, suggesting that biosynthesized aspartic acid could be metabolized without interference from inhibitors.
Undue emphasis may have been placed in this discussion on the need for aspartic acid as a protein precursor, but the fact that most of the isotope from 14C0, is located in this amino acid does focus attention on it. It is possible that the role of the purines and pyrimidines derived partly from CO, is equally important, since the nucleic acids are regarded as having a controlling influence in protein formation. It might well be that when growth is occurring rapidly, as in the presence of CO,, the metabolism of the organisms is able to
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supply all the derivatives involved in nucleic acid synthesis, some of which are utilized to form the proteins involved in dextransucrase formation. When growth is not maximal, then the steps involved in dextransucrase synthesis may be poor competitors for the pool of compounds required in nucleic acid and protein formation. It was not possible to demonstrate satisfactorily the presence of labelled aspartic acid in the polysaccharide-protein complex because of the great excess of carbohydrate material in the complex with the consequent difficulty of separating protein from polysaccharide. Attempts at separation, followed by hydrolysis, paper-chromatography and radioautography did not give satisfactory results. However, the presence of carbon-14 in the complex makes it seem likely that carbon from 14C0, was incorporated into the enzyne. Bailey & Oxford (1958) were not able to determine whether the stimulation of dextran formation by CO, was due to CO, gas in solution or to bicarbonate ion. Ochoa (1951) has suggested that most metabolic carboxylations and decarboxylations involve CO, in solution and not bicarbonate ions; thus it seems possible that a similar situation exists with Streptococcus bovis, with the dissolved gas being the effective agent. The observation by Bailey & Oxford (1958) that S. bovis strain 1 would not grow in a medium containing HCO; through which C0,-free and 0,-free H, was bubbled supports this view.
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